We investigated the reversible electromigration in Pd-Pt nanobridges by means of in situ electron microscopy. Real-time nanometer-scale imaging with scanning transmission electron microscopy (STEM) was used to determine the material transport. For high current densities (3 -
Introduction
Electromigration is a process in which a metallic contact line is thinned by passing a current through it, thus gradually displacing atoms and ultimately leading to its destruction. In an atomistic approach, the electromigration process is the displacement of atoms from their crystal lattice position, hence requiring atoms to overcome the crystal lattice energy barrier. Since atoms at the surface and at grain boundaries have a smaller binding energy, these atoms are most likely to be electromigrated. In this context it is important to point out that phonon scattering increases with increasing current, which in turn leads to an increase in the sample temperature (Joule heating). Thus part of the energy barrier is overcome by the temperature increase. The electromigration force is assumed to be the sum of two terms: the electrostatic force and the wind force 1 . The electrostatic force is the direct force on an atom or ion in a material within an electric field. The wind force corresponds to the momentum transfer from the current carriers,
i.e. electrons (electron-wind force) or holes (hole-wind force), to atoms in scattering processes, such as grain-boundary scattering, surface scattering or phonon scattering 2 . Grain-boundary scattering processes dominate when the bridge (a metallic line which is narrow (e.g. less than 1 micron) and relatively thin (less than 50 nm)) width is greater than the average grain size; otherwise surface scattering prevails 3 . Because atoms move under the electric field, they can be considered to have an effective charge 1 .
In a continuum approximation, the failure of the bridge due to electromigration occurs at the location of maximum atomic flux divergence (AFD) 4 . Of course, the AFD is the result of all forces on the atoms, namely the direct force, the electron-wind force, the thermal gradient and mechanical stresses 3 . The thermal stress is due to Joule heating. In a continuum approach the 3 highest temperature would be in the middle of the bridge, but this simple description will not be valid for our bridges in the case of non-uniform heat dissipation 4 , for instance due to voids in the film, poorly conducting grain boundaries or different distances to the gold (Au) contact lines.
Mechanical stress has two components: one due to different thermal expansion of the metal and supportive layer, and one arising from a change in the mass distribution due to electromigrationinduced mass transport.
Although electromigration leads to failure in micro and nanoelectronics, it can also be applied constructively. One well-known application is the creation of nanogaps, which are used to determine the electronic properties of small particles or molecules 5 . Park et al. 5 reported a highly reproducible method to fabricate metallic electrodes with nanometer separation by passing a high electric current through a Au nanowire. Later, Prins et al. 6 showed that much more stable nanogaps can be manufactured with platinum (Pt), owing to the much higher surface mobility of Au, which results in the rapid rounding of the electrode tip. Electromigration in pure palladium (Pd) has not yet been investigated; to our knowledge there is only one publication to date on the current sustainability of Pd thin films 7 .
The effect of adding a second element to the current sustainability has been investigated in particular for Al 8 and Cu 9 . In general the concentration of the second element was up to 2%.
The second elements ranged from the ability to form a compound with the host element to solid solutions or insolubility. In most cases an increased electromigration resistance was obtained 2 and this was attributed mainly to a strong enrichment of the second phase at the grain boundaries. The effect of Pd and Pt alloying on the electromigration behavior has not yet been reported. These elements are both noble metals from the platinum group. They have quite different masses and form a solid solution over the entire composition range.
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In this paper we report in situ transmission electron microscopy (TEM) and scanning TEM (STEM) results for electromigration in Pd-Pt (10 at.%) nanobridges with different geometries.
An in situ TEM study of electromigration processes in thin polycrystalline bridges allows the changes caused by the electromigration process to be imaged down to the atomic scale. We focus in particular on the direction of material migration in relation to the electric current direction and
show that material transfer occurs from the cathode towards the anode side and that transport can be reversed by changing the current direction.
Experiment
The electromigration process in nanobridges was investigated by in situ TEM using a FEI Titan microscope operating at 300 keV. An electromigration holder, built in-house, has eight contacts for performing electrical measurements and can be cooled to about 100 K by a copper rod, which is connected to flexible Cu wires hanging in a dewar of liquid nitrogen. The combination of these tools with the electrical setup ("IVVI rack" chip carrier was placed into the TEM holder, the tip of which is shown in Figure 1d . The experiments were conducted in bias-ramping mode, i.e. a uniform increase in voltage from 0 V to a maximum of 350-600 mV (this was chosen in each separate experiment), followed by a decrease back to 0 V, a subsequent increase into the negative range (−350 to −600 mV), followed by a decrease back to the original starting point of 0 V. We will henceforth call this a "loop". If the bridge did not break after one loop, further loops were applied with an increase in the maximum voltage until the bridge broke. Throughout these cycles the rate of the voltage ramp is set to 15 mV/s, which is slow enough for us to observe the morphology changes in situ without making the experiments too time consuming. The bias-ramping mode is used to perform accelerated experiments. As we conduct our experiments in situ inside the TEM, the desired experiment duration is less than one hour. Such accelerated experiments allow a good evaluation of the critical current density and-more importantly-it enables us to visualise the EM process.
Clearly, the temperature gradient along the bridge will be different from non-accelerated tests.
Part of the holder was cooled with liquid nitrogen. Thus all experiments were performed with the chip at ~100 K to prevent beam-induced carbon contamination on the sample. Note that, due to respectively. The current density at the moment when electromigration starts is estimated to be
Results and discussion
The bridge shown has a length of 1000 nm and a width of 500 nm. The STEM images were obtained with a medium camera length (117 mm) in order to record images of a good quality with a minimum of diffraction contrast, and thus to allow a contrast change to be attributed to a change in thickness 12 .
The frame rate of the STEM footage was selected at 3 fps to achieve an acceptable image quality for the selected camera length. As can be seen in Figures   3a and b, increasing the voltage to 500 mV causes voids to form at the cathode side (darker areas). At the same time, the sample thickens and hillocks form at the anode side (lighter areas).
Changing the current direction caused the voids to refill and even hillocks to grow on the former cathode side (which is now the anode side). In summary, repeating the voltage loops leads to reverse material transport from the cathode to the anode side. We conducted experiments on bridges with different geometries, and observed the process of reversible electromigration in every case. Both methods for electromigration visualisation -TEM and STEM -have advantages and disadvantages. TEM is used to determine the dynamics of grain growth (due to the diffraction contrast), and STEM is powerful for showing the material transfer (due to the mass-thickness contrast). , are trapped at a high-energy site, and can be expelled again from this location, and so on. To investigate further the effect of Joule heating on the nanobridge morphology, we apply the alternative current (AC) of different frequencies (2-100 Hz) to several bridges. When AC is applied to the bridge, the changes in a bridge morphology are due to the symmetrical component of thermomechanical stress, which lead to material transfer from the middle part of the bridge towards the contact pads. A typical example of bridge breakage is presented in Figure 6 . In Figure 6a one can see large grains formed due to Joule heating; then, in Figure 6b , voids start to expand from the middle of the bridge, and finally the bridge breaks in the middle, as shown in
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Figure 6c. As the bridges broke at the center in all cases where AC was applied, we conclude that the AFD is maximum in this area. With the wire being hottest in the center the likelihood of atoms being kicked out by the electron current is highest, resulting in a thinning down in the center, with material transport in both directions of the bridge. In the case of DC measurements we observe material transport only from cathode to anode, from which we conclude that all material transport in our experiments was driven by the electromigration force (the sum of the direct and the electron-wind forces) and non-symmetrical mechanical stress. 
Conclusion
The in situ TEM experiments have shown clearly and consistently that electromigration with a DC current in Pd-Pt nanobridges removes material from the cathode side of the nanobridge and from the neighboring contact. The electromigrated atoms are deposited mainly at the end of the bridge and on the neighboring contact pad, where hillocks are formed. If the current is reversed, the opposite occurs: material is removed from the hillock area, and previously depleted areas are filled with material again. Material transport during electromigration can be imaged best with in situ STEM. The critical current density for bridge breakage is 3 -5×10 7 A/cm 2 . We investigated many bridges with different geometries, and consistently observed the same effect of reversible electromigration. Continuation of this process with loops in which the maximum voltage is gradually increased ultimately breaks the bridge at the cathode side.
The behavior of the Pd-Pt alloy is quite different from the pure elements Pt and Pd. The electromigration of Pt and Pd is very similar: after a recrystallization (which resembles that of the Pd-Pt alloy) the bridge gradually becomes narrower until a nanogap is formed, whereby grain boundary grooving is not a dominant feature. Such a narrowing of the nanobridge has also been observed for Au 15, 16 . For the Pd-Pt alloy the dominant change is grain boundary grooving, where the outer shape of the nanobridge is maintained.
A controllable resistance change is the basic principle of a memristor. For this it is essential that the outer shape of the bridge be maintained, for which the use of an alloy such as Pd-Pt has a major advantage over pure elements such as Pt, Pd and Au. With the latter elements, the width of the nanobridge decreases locally and cannot be restored in a controllable way. In the case of the Pd-Pt alloy, if we restrict the maximum voltage to a value high enough for material transfer but not enough for bridge breakage, the depletion and refilling of material can be repeated many times. We have tried 15 loops, all of which showed quite a strong material transfer observed by STEM imaging and obtained only a small difference in the bridge shape between the start and final loop. Note that these experiments are quite crude; we inspected the sample visually for any major changes, which could be done in a much more controllable manner such that the sustainability would be much higher. As the material transfer takes place between the first and second parts of the bridge, it is much better for a memristor application to compare the change in
